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INTRODUCTION
Bacillus cereus sensu lato (sl) consists of at least nine species with diverse ecology and virulence. B.
cereus is responsible for food poisonings (Dierick et al. 2005) , B. thuringiensis synthesizes insecticidal proteins (Swiecicka 2008) , B. anthracis causes anthrax (Jensen et al. 2003) , B. weihenstephanensis is cold-adapted (Lechner et al. 1998) , B. cytotoxicus is a thermotolerant and cytotoxic pathogen (Guinebretiere et al. 2013) , while B. toyonensis exhibits both probiotic and toxic features (Jimenez et al. 2013 ), B. wiedmannii shows psychrotolerance and cytotoxicity (Miller et al. 2016) , and finally B. mycoides and B. pseudomycoides form rhizoidal colonies on solid media (Jensen et al. 2003) . All these D r a f t 4 Several B. cereus sl virulence factors are also plasmid-encoded and may undergo horizontal transfer in different environments (Furlaneto et al. 2000; Thomas et al. 2001) . Among them cereulide is linked to emetic syndrome with occasional fatal consequences (Dierick et al. 2005) . Next, genes cya, lef, pag necessary for anthrax toxin formation and cap for the capsule are enabling the development of anthrax symptoms (Zwick et al. 2012) . Finally crystalline inclusions (Cry) produced by B. thuringiensis are pathogenic to insects with no impact on health of humans (Jensen et al. 2003 ). This feature is also fundamental for preparation of commercial biopesticides that are safely sprayed over fields and forests for many years.
Until now, the presence of B. cereus sl has been confirmed in soil, plant material, water, food and activated sludge (Ichimatsu et al. 2000; Iriarte et al. 2000; Mizuki et al. 2001; Jensen et al. 2002; Ostensvik et al. 2004; Hendriksen and Hansen 2006; Bizzarri and Bishop 2007; Bartoszewicz et al. 2008 ; Bartoszewicz et al. 2009 ). However, pasteurization during bacteria isolation lead to perishing of vegetative B. cereus or B. thuringiensis cells and consequently, their underestimation. Another approach based on the isolation of nucleic acid directly from water and subsequent genotyping (Douville et al. 2007 ), unfortunately does not allow to specify the precise number of dormant spores and active cells. Thus the development of the PTA+ medium containing germination inhibitors (Bizzarri and Bishop 2007) enabled the isolation of vegetative cells only, while traditional procedure with sample pasteurization leads to isolation of spores. The presence of high number of vegetative B.
cereus sl cells might indicate that in this environment they occur not only incidentally, but probably that they can carry on their normal life processes. Thus, the goals of this study were: (i) to estimate the level of fresh water contamination by the spores and vegetative cells of selected B. cereus sl; (ii) to assess their toxicity and psychrotolerance; (iii) to investigate their genetic diversity and population structure; and finally (iv) to search for any correlations between genomic profiles and phenotypic properties or between heavy rainfall and concentration of these bacilli.
MATERIALS AND METHODS

Collection of environmental samples, bacteria isolation
Water samples were collected from four different locations (shown in Fig. 1S ) in NE Poland: Garbas Lake (Suwalki Landscape Park) and Wigry Lake (Wigry National Park), Narew River (Narew National Park) and Biebrza River (Biebrza National Park) in June, July and August 2012 and immediately (within 2 hours) transported (on ice) to the Department of Microbiology for further analyses. Each month, the first sampling occasion was within 24 hours after intensive rainfall (>16 mm) and the second sampling was performed after at least five days with no rain over the sampling site and the catchment area. In general, 24 water samples were obtained. Detailed properties of rainfall events and water samples are presented in Table 1S (Supporting information).
Samples from each location underwent: (i) isolation and enumeration of the total B. cereus sl count and (ii) the determination of vegetative cells count (both in duplicates). To achieve these, in each repetition 50-150 ml of water from each sample underwent membrane filtration by the use of the sterile nitrocellulose filters (Sartorius 11404-50 ACN). To avoid cross contamination, the equipment used for filtration was sterilized each time and the entire procedure was carried out in the laminar flow hood. Afterwards each filter was washed with 100 ml of sterile water to remove undesirable residues (e.g. growth inhibitors or germination inductors). Then filters were transferred aseptically onto the surface of proper medium (described below) and incubated for 48 hours at 25°C, a temperature that supports growth of psychrotolerant and mesophilic members of the B. cereus group. For viable B.
cereus sl count determination, PTA (peptone-tryptone agar) medium was used. In order to isolate vegetative forms, a selective medium named PTA+ containing inhibitors of germination (3.15 mM Nα-p-tosyl-L-arginine methyl ester and 0.3 mM diphenylamine; both reagents from Sigma) was applied (Bizzarri and Bishop 2007) . Each bacterial isolate was tested for growth and lecithin precipitation using MYP (mannitol egg-yolk polymixin) selective agar medium and for hemolytic properties on Columbia SB Agar (both from Oxoid, Basingstoke, UK).
Identification and enumeration
All isolates grown on the surface of nitrocellulose filters, and forming purple colonies with a zone of egg yolk precipitation on the MYP agar were initially classified as the members of the B. cereus group. Besides mesophilic isolates with typical colonies and the absence of parasporal bodies pertaining to B. cereus, isolates with crystal inclusions in sporulating cells detected under phase contrast microscopy (BX-61, Olympus) were identified as B. thuringiensis. Cold-adapted bacilli, growing at 7˚C in a liquid Luria-Bertani broth (Oxoid) after 10 days incubation, with a psychrotolerant motif of the cspA gene and elongations (60˚C, 60 sec.). After the removal of the remaining dye terminators (ExTerminator Kit, A&A Biotechnology), purified fragments were sequenced with the ABI3500 DNA sequencer (Applied Biosystems). All sequences were visually examined using Chromas Lite 2.0.1., and aligned in BioEdit 7.0.1. (Hall 1999) . The concatenated and aligned sequences of seven housekeeping genes were used for construction of a maximum likelihood dendrogram by the use of general time reversible model with gamma and invariable sites parameters, and with 1000 bootstrap iterations (GTR+G+I) in Mega 6. Clonal complexes of isolates possessing at least six identical alleles were discovered using PHYLOVIZ 1.1 and the geoBURST algorithm, as described by Feil et al. (2004) .
PCR screening for the psychrotolerance and enterotoxins genes
All strains were PCR-screened for the presence of the cspA gene with motif 4 ACAGTT 9 (typical to psychrotolerant B. weihenstephanensis isolates), the cspF (positive control, present in both mesophiles and psychrotolerant strains), the nhe operon (genes nheABC encoding NHE enterotoxin), the hbl operon (genes hblCDA determining HBL toxin), the cytK-1 and cytK-2 genes, responsible for the cytotoxin K synthesis, and finally for the ces operon required for cereulide formation, using primers described in literature (as stated in Table 2S , Supporting information). For this purpose, the total DNA was prepared from overnight cultures in Luria-Bertani broth (Oxoid) using DNeasy Blood&Tissue Kit (Qiagen) by the use of automated system for nucleic acid isolation QIACube (Qiagen) according to a protocol for Gram-positive bacteria. DNA quantity and quality were estimated using NanoDrop 2000 Table 2S , Supporting information; 1 minute) and elongation (72°C; 1 minute).
Each reaction was finished by final elongation step at 72°C for 10 minutes. For the detection of the amplification products, QIAxcel capillary electrophoresis system (Qiagen) was used.
Immunochromatographic enterotoxin assays
On the basis of positive results in PCR screening for the nhe and hbl operons, 50 randomly selected strains representing proportionally all identified B. cereus group species underwent immunochromatographic Duopath Cereus Enterotoxins Test (Merck). For the procedure, isolates were grown in 10 ml of liquid CGY broth (Merck) for at least 18 h (to achieve identical turbidity) and then 200 µl of culture was transferred into the Falcon containing 20 ml of CGY broth with 1% glucose.
This was cultivated for 6 h at 37°C with vigorous shaking and then cooled to room temperature prior to the test. Duopath Cereus Enterotoxins Test was used according to the manufacturer's protocol. and 400 CFU L -1 in samples collected after intensive rainfall, in both cases from Biebrza River in July.
Statistical analyzes
The concentration of vegetative forms also showed fluctuations dependent especially on sampling site ( Figure 1 ). The concentration of B. cereus sl vegetative cells in lakes was ranging from 0 to 50 CFU L -1 , and in rivers from 0 to 100 CFU L -1 without significant differences linked to rainfall. Finally, spore concentration in lakes were ranging from 0 to 25 CFU L -1 (dry weather) and from 0 to 125 CFU L -1 (after rainfall). In rivers we observed that spore concentration (0-100 CFU L -1 ) at dry weather was lower from its concentration after intensive rainfall (25-325 CFU L -1 ). It should be mentioned that concentration of spores in rivers after rainfall was significantly higher than in lakes (one-way ANOVA, F=13.41; p=0.002). Similar fluctuations at rainless weather were not statistically significant. 
Genetic diversity of B. cereus sl isolated from aqueous habitats
In order to assess the genetic diversity of 148 B. cereus sl from two lakes and two rivers, all isolates were investigated using REP-PCR. Altogether 76 different REP-PCR genetic profiles were found and among them 30 (39.5%) were unique. Representative profiles grouping at least two isolates is presented in Figure 2 .
In spite of their diversity, identical B. cereus sl were widely distributed in the environments. Isolates of B. weihenstephanensis (profile A), and B. cereus (profiles B and C) were found in all four sampling sites. Next, identical B. thuringiensis strains (profiles D and E) were found in three different locations.
Three emetic B. cereus isolates with the same REP-PCR profile, were obtained from Biebrza River (2 strains) and from Narew River (1 strain).
For the reconstruction of phylogeny, a multi-locus sequence typing method was applied. Among 148
isolates, altogether 38 distinct sequence types (STs) were identified. At the time of genotyping, four of them were not described in the PubMLST database, while the remaining profiles were already known.
The level of the diversity at each sampling site was quite similar. For example, among isolates from D r a f t Biebrza River and Narew River, the ratios of isolates per STs were 2.54 and 2.56, respectively. In turn among bacilli from Wigry Lake and Garbas Lake, this ratio was lower (1.9-2.0). Calculated dN/dS ratio (non-synonymous/synonymous substitutions) was depending on a gene tested. It ranged from 0.0086 for the pur to 0.11 for the glp gene. Next, due to the clonal frame analysis, calculated r/m (recombination to mutation) ratio was higher in case of isolates obtained from lakes (1.2-2.25) than from rivers (0.65-1.4) indicating higher meaning of horizontal gene transfer in lakes than in rivers.
In order to find a model that describes the polymorphism the best, we performed a test of best-fit models of substitutions in Mega 6. On the basis of the lowest value of the Bayesian information criterion (BIC=26290.255), maximum likelihood model with the gamma distribution and invariable sites parameters was applied. The dendrogram of B. cereus sl phylogeny is presented in Figure 3 .
Isolates were assigned to B. cereus sl clades described by Guinebretiere et al. (2008 
DISCUSSION
Wide range of environments where isolates B. cereus sl were detected, includes also aquatic habitats (Iriarte et al. 2000; Ostensvik et al. 2004; Brillard et al. 2015) . However, it has been believed that presence of these bacteria in soil or water is restricted rather to dormant spores and not vegetative cells that potentially might be metabolically active and carry their normal life cycle (Jensen et al. 2003 ).
However, the results presented here show that vegetative cells were frequent in fresh water and their percentage requires taking them into account. All analyzes show that the level of B. cereus sl fluctuated with the significantly higher concentration in July, month with the highest average amount of atmospheric precipitation. This is in the agreement with observation that water cycle might be a potential source of B. cereus (Brillard et al. 2015) . It also suggests that the rainfall could be important factor which influences on the microbiological quality of water, probably due to the surface runoff and contamination with wastewater. It may also lead to the presence of drug-resistant strains evidenced by Gao et al. (2012) . However the soil still should be considered as the primary source of bacterial contamination of water. On the other hand, concentration of vegetative cells showed only mild changes between successive months. Thus their presence must be explained in different way. In the experiments performed by the authors (data not published), no proliferation of B. cereus sl was observed in fresh water. However vegetative cells persisted in water for a long time, probably due to their psychrotolerance or the ability of biofilm formation (Carlin et al. 2010; Cheng et al. 2014 (Jensen et al. 2003) .
In samples collected after intensive rainfall there was even up to seven times more of B. cereus sl bacilli than during rainless weather. Moreover, flowing water contained significantly more cells and spores than standing waters by carrying more material washed from fields, forests and human activity areas.
The combination of membrane filtration method and subsequent incubation on the PTA and PTA+ media gave interesting data on the ecological properties of the B. cereus sl in natural environments. (2007) cereus sl food contamination could be linked to the bacteria present in the dairy environment (Svensson et al. 2004; Bartoszewicz et al. 2008) and also the weather conditions might be important (McGuiggan et al. 2002) . In general, cooling procedures usually preserve from germination and multiplication of bacilli and prevent from spoilage. However, occurrence of cold adapted bacilli in metabolically active stage in the environment should result in re-evaluation of procedures used in the dairy farms and industry in order to reduce the risk of contamination with B. cereus sl and their proliferation ).
Bizzarri and Bishop
The high level of genetic polymorphism of B. cereus and B. thuringiensis under study is in agreement with population genetic structure of these bacteria observed elsewhere (Lopez and Alippi 2007; Bartoszewicz et al. 2009; Swiecicka et al. 2013 (Jung et al. 2011; Liu et al. 2014; Miller et al. 2016; Yang et al. 2017 ). Both observations were not mutually exclusive. Water is not completely homogenous environment, and its trophy, temperature or biotic elements may show huge impact on bacterial populations, as shown in case of soil strains ).
Thus, natural selection favors genotypes adapted to numerous distinct niches. In turn, horizontal gene transfer (clearly shown especially for lakes on the basis of r/m ratio), including plasmids (Modrie et al. 2010 ) and chromosomal elements (Bohm et al. 2015) , probably was in opposition to the purifying selection and complicated the population genetic structure. Concluding these facts, we are likely to observe two opposing forces. One contributes to increasing diversity through continuous supply of bacteria, conjugation, and heterogeneity of the environment, while the second force reduces diversity by purifying selection.
Unclear and polyphyletic structure of the entire B. cereus sl causes confusion in taxonomy. Phenotypic properties often do not correlate with genetic clustering. Only selected features, like psychrotolerance (typical for phylogenetic clade VI), strong virulence (clade IV) or thermotolerance and cytotoxicity D r a f t
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(clade VII) are in compliance with phylogeny (Guinebretiere et al. 2008 ). Other properties, mainly enterotoxicity and synthesis of parasporal crystal inclusions are distributed in distinct phylogenetic groups and widespread in fresh water environments Soborg et al. 2013 ). All these facts suggest that we deal with a complex species with several ecotypes ) and the classification should be revised on the basis of phylogenetic approach, not phenotypic properties (Okinaka and Kaim 2016) . Nevertheless B. cereus sl remains interesting object for evolutionary studies (Raymond and Bonsall 2013) .
Common enterotoxicity of B. cereus and related bacilli, in opposition to rare emetic characteristics, cannot be surprising. Popularity of genes encoding enterotoxins might have an adaptive value, probably in case of low availability of oxygen, e.g. in aquatic habitats. Depending on the water trophy, concentration of oxygen changes and reaches the lowest value in eutrophic water with high content of organic matter. However, all collected samples were similar in physiochemical properties (Table 1S ). Concluding all these observations, it is worth noting that B. cereus sl is common in aquatic habitats and omitting vegetative cells may lead to significant underestimation of the total content of these bacilli. Next, intensive rainfalls could decrease microbiological quality of water that could be, in some circumstances, used in the industry and in production of organic food products. Spraying of B.
thuringiensis-based insecticides can result in changes of soil and water microflora in the same manner as it influenced the intestinal microflora of people working in greenhouses (Jensen et al. 2002) .
Finally, taxonomic and phylogenetic approach for the investigation of the diversity bring distinct Profiling performed according to Number of isolates corresponds to the number of isolates of each particular ST. Toxicity shows the presence of genes responsible for synthesis of enterotoxins. Psychrotolerance depicts psychrotolerant (P) or mesophilic (M) characteristics and location depicts adequate sampling sites. All isolates were assigned to phylogenetic clades described previously (Guinebretiere et al., 2008) . Bc-B. cereus, Bt-B. thuringiensis, Bw-B. weihenstephanensis, Ba-B. anthracis, Bm-B. mycoides, Bp-B. pseudomycoides, Nd-not determined. Number of isolates corresponds to the number of isolates of each particular ST. Toxicity shows the presence of genes responsible for synthesis of enterotoxins. Psychrotolerance depicts psychrotolerant (P) or mesophilic (M) characteristics and location depicts adequate sampling sites. All isolates were assigned to phylogenetic clades described previously (Guinebretiere et al., 2008) . D r a f t Figure 4 . Population structure of B. cereus sl from fresh water assessed by geoBURST analysis (Feil et al., 2004) in relation to their sampling site (A), cold adaptation (B) and taxonomic data (C). Isolates were grouped into clonal complexes (CCs) by the use of Phyloviz 1.0. Clonal complexes were defined on the basis of single locus variants (SLV) as groups of isolates with six or seven identical alleles in MLST analysis. D r a f t Table 1S . Characteristics of rainfall and physiochemical properties of the water collected from Narew River, Biebrza River, Wigry Lake and Garbas Lake in three successive months. 
